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This chapter presents the fundamentals behind selected experimental techniques 
used to control and monitor some coupled multi-physics processes. The starting 
point is the review of the experimental techniques for coupled hydro-mechanical 
testing (liquid and vapour transfer techniques). Then, fundamentals of physical 
processes related to electrical techniques for the characterisation of geomaterials 
and for the induction of coupled electro-chemo-hydraulic processes are provided. 
Complementary aspects concerning the application of these techniques and some of 
their limitations are also discussed. Selected data from tests on a clayey silt in an 
electrokinetic oedometer are finally shown, to provide evidence of some effects of 
the coupled electro-chemo-hydraulic response of soils. 
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1 Introduction 
The extension of geotechnical engineering applications and the research interest in 
multi-physics processes are becoming wider in recent years, mainly within the con-
text of geoenvironmental, energy production, and geosciences areas. Topics such as 
crystal growth in geomechanics, natural risk analyses (fast sliding processes along 
faults and landslide surfaces), biological soil improvement, geothermal energy ex-
ploitation, waste confinement (at surface or at great depths using engineered barriers 
or host geological formations), soil pollution and remediation, carbon dioxide se-
questration in geological formations, oil field subsidence phenomena and assessment 
of seals in hydrocarbon production, to cite but a few of them, are increasingly com-
ing into prominence. These new fields of application require the incorporation of 
relevant and coupled thermo-hydro-chemo-bio-electro-mechanical phenomena, the 
evolution of which must be examined over important periods of time, and the intro-
duction of new constitutive variables for a deeper understanding of the behaviour of 
geomaterials. Progress in these areas requires advanced experimental techniques, 
fundamental developments and numerical modelling, as well as detailed examina-
tion of well documented field cases. Within this context, the present chapter intro-
duces selected experimental techniques to investigate hydro-mechanical and electro-
chemo-hydraulic processes. The fundamental bases are first introduced, followed by 
descriptions on how these techniques are implemented. Complementary aspects 
concerning some of their limitations are also presented. 
2 Hydro-mechanical processes 
2.1 Introduction 
This section focuses on the description of two widely used techniques to transfer and 
control the amount of water inside a porous medium; namely 
 Axis translation technique that predominantly transfers (and controls) liquid 
phase through an interface permeable to dissolved salts, and that is related to  
the control of matric suction (i.e., difference between the gas and liquid phases); 
and 
 Vapour equilibrium technique to transfer vapour through the gas phase, which 
is associated with the control of the relative humidity or total suction. 
2.2 Axis translation technique for controlling liquid transfer 
Axis translation is one of the most commonly used techniques for controlling matric 
suction, together with osmotic technique. The reader interested in osmotic technique 
is referred to [Del08a, Del08b, Tan11 and Bla08]. The pressure plate outflow tech-
nique is an early example of the use of axis translation technique [Ric41, Gar56]. 
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This technique is associated with the matric suction component, in which water po-
tential is controlled by liquid phase transfer through a saturated interface –usually 
saturated high air-entry value (HAEV) ceramic disk or saturated symmetric cellulose 
acetate membrane– that is permeable to dissolved salts. The procedure involves the 
translation of the reference pore air pressure, through an artificial increase of the 
atmospheric pressure ua in which the soil is immersed. The procedure is described 
in Figure 1 for a setup corresponding to an isotropic cell with HAEV ceramic disk at 
the bottom and coarse porous disk at the top. Consequently, the negative pore water 
pressure increases by an equal amount if incompressibility of soil particles and water 
is assumed –i.e., if the curvature of the menisci is not greatly affected–. This transla-
tion of the pore water pressure into the positive range allows its measurement 
[Hil56], and consequently, its control if water pressure is regulated through a satu-
rated interface in contact with the sample. To cover a wide matric suction range, the 
soil should preferably present a lower air-entry value than the corresponding one of 
the ceramic disk. To ensure that the top boundary presents no water flow condition, 
the top coarse porous disk should display a very low air-entry value (this ensures 
that no water is stored when applying matric suction), as indicated in Figure 1. Al-
ternative combinations of porous disks can be used in a single cap; for example by 
surrounding the ceramic disk by a coarse porous ring through which air pressure is 
applied. Axis translation technique has been experimentally evaluated with soils 
having a continuous air phase and a degree of saturation varying between 0.76 and 
0.95 by [Fre77] and by [Tar00] for degrees of saturation between 0.56 and 0.77. 
Further details of the physical fundamentals and implementation of the technique 
can be found in [Del08a, Hoy08, Mar08, Mas08 and Van08].  
 
 
Figure 1: Axis translation application in an isotropic cell with bottom HAEV 
ceramic disk and top coarse porous disk. 
 
Axis translation technique has been criticised concerning the following aspects: a) it 
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is not representative of field conditions, where air pressure is usually under atmos-
pheric conditions (some authors have argued that axis translation alters soil behav-
iour by preventing cavitation; see for instance [Bak09]); b) there are some doubts in 
how the air pressurisation process affects the water pressure when water is held by 
adsorption mechanisms; and, finally c) it is not clear its application at nearly saturat-
ed states in the absence of a continuous gaseous phase. Nevertheless, axis translation 
technique has proved to provide reasonable results and a good continuity between 
vapour equilibrium results at elevated suctions and nearly saturated states. An ex-
ample can be found in Figure 2, in which the overall picture of water retention re-
sults under constant volume conditions of an artificially prepared expansive clay 
(with pellets of Febex bentonite)  were obtained by combining different techniques 
(transistor psychrometers and vapour control technique) jointly with axis translation 
[Hof05]. A recent benchmark aimed at comparing different experimental techniques 
for controlling/measuring suction (axis translation, osmotic technique, high-capacity 
tensiometer and dew-point psychrometer) on a mixture of kaolinite, bentonite and 
sand (reference soil), was presented by [Tar11]. The same techniques were tested by 
different laboratories and similar results were obtained for the water retention curves 
of the reference soil, which gives further confidence on the use of this technique. 
 
 
Figure 2: Water retention curves obtained by combining axis translation with 
other techniques [Hof05].  
 
Main experimental difficulties concerning axis translation application are associated 
with the accumulation of diffused air beneath the HAEV ceramic disk, the control of 
the relative humidity of the air chamber to minimise evaporation or condensation 
effects on the sample, the application of the air pressurisation process at elevated 
degrees of saturation, and the estimation of the equalisation time.  
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In relation to air diffusion problems through the saturated porous network of the 
interface, it can induce the progressive loss of continuity between the pore water and 
the water in the control system. In addition, the accumulation of air can lead to water 
volume change errors in drained tests and pore-water pressure measurement errors 
in undrained tests. Consequently, an auxiliary device is required to flush periodically 
air bubbles accumulated below the HAEV ceramic. The following expression de-
scribes the rate of accumulation of dissolved air beneath the ceramic disk, which is 
based on the gradient of air concentration being the driving mechanism [Fre93, 
Rom99]: 
 
( )
( )
d a w
w atm c
dV n A D h u u
dt u u t
   (1) 
 
where n, A and tc, represent the porosity (usually between 0.32 and 0.38 for com-
mercial ceramics), the cross-sectional area and the disk thickness, respectively. h, is 
the volumetric coefficient of solubility of dissolved air in water (h=0.018 at 22°C), 
and D, the diffusion coefficient through the saturated interface. uatm, represents the 
absolute atmospheric pressure; ua and uw refer to air and water gauge pressures. The 
quantification of air diffusion has been recently carried out by [Rom01a, DeG02, 
Air05 and Pad06]. Lawrence et al. [Law05] presented a pressure pulse technique for 
measuring diffused air volume using pressure/volume controllers. Figure 3a presents 
values of the coefficient of diffusion of air through a saturated ceramic disk with a 
nominal air-entry value of 1.5 MPa as a function of applied matric suction. Typical 
values are in the range between 310-11 and 210-10 m2/s (for suctions < 0.7 MPa), 
lower than the values of diffusion of air in water (around 2.210-9 m2/s at 20C). 
Factors such as tortuosity of the paths and breakdown of Henry's law in a curved air-
water interface can be associated with this reduction [Bar67]. The figure shows how 
this coefficient tends to increase as suction increases over 0.7 MPa and gets closer to 
the air-entry value of the ceramic (the value at which the gas convection transport is 
initiated). Figure 3b shows the pore size density function of a HAEV ceramic (nom-
inal air-entry value 1.5 MPa and porosity 0.324) obtained by mercury intrusion po-
rosimetry, in which a dominant pore size mode of 81 nm is obtained. The water 
retention curve obtained by mercury intrusion porosimetry of the ceramic is shown 
in Figure 3c. An air-entry value between 1.6 and 2 MPa is detected, which is slightly 
larger than the nominal value. Despite this higher value, the important air diffusion 
rates at suctions > 1 MPa indicate that the technique has some practical limitations 
when commercial ceramics are used. As deduced from Equation (1), increasing the 
water pressure is an efficient way to reduce air diffusion rates for a given geometry 
of the interface element and for specified matric suction. The conventional technique 
of the pressure plate apparatus, in which the pressure of water is maintained under 
atmospheric conditions, is the less efficient configuration to control the diffusion of 
air. 
 
Concerning the second phenomenon of vapour transfer between the soil and the 
surrounding air, it can be controlled by maintaining an adequate relative humidity in 
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the air chamber (around 95%). Evaporative fluxes are originated due to the differ-
ence in vapour pressure between the soil surface and the air chamber. Volumetric 
evaporative fluxes can be detected in the water volume change device as a non-stop 
inflow to the soil under steady-state conditions. Condensation of vapour in the inter-
nal walls of the pressure chamber due to temperature variations has also been re-
ported by [Oli06].  
 
  
 
Figure 3: a) Diffusion coefficients for air through saturated ceramic disk 
(nominal air-entry value 1.5 MPa) for different matric suctions [Air05]. b) 
Pore size density function of HAEV ceramic disk (nominal air-entry value 
1.5 MPa). c) Water retention curve of HAEV ceramic disk obtained by mer-
cury intrusion porosimetry (nominal air-entry value 1.5 MPa). 
 
Measured volumetric evaporative fluxes at different porosities are presented in Fig-
ure 4 for compacted clay inside an air chamber at an initial relative humidity 
hr0=0.50. As shown in the scheme, two different water fluxes are involved in the 
process: a) an evaporative flux that dries the clay surface (dependent on soil proper-
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ties –mainly vapour diffusivity– and on boundary conditions –hr of air chamber 
above the evaporating surface–), and b) a liquid flux through the ceramic disk that 
regulates the applied matric suction and depends on soil and ceramic disk water 
permeability. 
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Figure 4: Measured volumetric evaporative fluxes [Rom99]. 
 
A series of 1-D numerical analyses using Code_Bright [Oli96] was carried out by 
[Rom99] to simulate evaporative fluxes and matric suction evolution during a wet-
ting path performed on compacted clay. The analysis took into account liquid phase 
flow by Darcy's law and vapour diffusion according to Fick's law. The clay saturated 
permeability was 8.310-12 m/s, with the following power expression for the liquid 
relative permeability: krl = Se2.89 (the effective saturation is computed as Se = (Sr-
0.087)/0.913, where Sr is the degree of saturation). Se is computed as a function of 
matric suction: Se = [1+((ua-uw)/P)1/(1-)]-, where  = 0.156 and P = 0.03 MPa. The 
ceramic disk displayed a saturated permeability of 1.310-10 m/s. A tortuosity factor 
of 0.30 was considered, which accounts for complexities in pore geometry affecting 
vapour diffusion in air. Figure 5 shows the time evolution of matric suction during 
the wetting path for three representative points of the 10-mm sample (top in contact 
with coarse porous disk, mid-height and bottom in contact with ceramic disk), start-
ing from an initial value (ua-uw)0=1.9 MPa to (ua-uw)f=0.45 MPa. An initial relative 
humidity of the air chamber hr0=0.50 was assumed in accordance to the relative 
humidity of the laboratory. Two different systems were analysed. In the open sys-
tem, a constant relative humidity of hr=0.50 was prescribed along the wetting stage 
at the top surface of the sample in contact with the air chamber (refer to the scheme 
shown in Figure 4). On the other hand, in the closed system simulation the relative 
humidity progressively increased towards a final value hr= 0.996. According to 
Figure 5, water evaporation will cause an initial drying on the clay upper surface. 
This drying progressively slows down and reverses as liquid water flows into the 
sample. On the contrary, a monotonic suction decrease is detected at the bottom 
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boundary of the sample. As observed in the figure, at the end of the wetting path, 
full matric suction equalisation throughout the sample height is not attained in the 
open system (matric suction at the top of the sample presents a value of 0.50 MPa 
under steady-state conditions). This is why it is important to ensure a high hr in the 
air pressure system or alternatively control the volumetric evaporative flux measured 
under steady-state conditions. A maximum volumetric evaporative flux of 9.410-7 
(mm3/s)/mm2 was computed, when hr=0.5 was imposed in the air chamber. For 
measured volumetric evaporative fluxes lower than this value, no important conse-
quences are expected and a relatively uniform matric suction distribution is expected 
throughout the sample height [Rom99,01a,b] (refer to Figure 4). 
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Figure 5: Numerical results of matric suction evolution at three different elevations 
during a wetting stage from s=1.9 MPa to 0.45 MPa [Rom99]. 
 
The application of air pressure at elevated degrees of saturation can induce irreversi-
ble arrangements in soil skeleton due to pore fluid compression (occluded air bub-
bles). Bocking and Fredlund [Boc80] studied the effect of occluded air during the 
use of axis translation technique. If nearly saturated states are expected to be reached 
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during the hydraulic paths, it is preferable to increase air pressure when the continui-
ty of air is ensured (degrees of saturation < 0.85), and then maintain the continuous 
air phase at constant pressure. This can be observed in Figure 2, in which the drying 
path followed a wetting path that attained very low matric suctions (10 kPa). 
Throughout this hydraulic process, air pressure was maintained constant and suction 
was changed by manipulating water pressure. 
 
One important difficulty when using axis translation technique is the estimation of 
the time required to reach suction equalisation. Water volume measurements are 
usually affected by the relative humidity of the air chamber and the diffusion of air. 
Although these phenomena can be minimised as previously suggested, the estima-
tion of the equalisation time in oedometer and triaxial cells has been conventionally 
determined based on overall soil volume change measurements that are independent-
ly determined. Oliveira and Marinho [Oli06] studied the equilibration time in the 
pressure plate and recommended around three days for increments from 50 kPa to 
100 kPa for gneissic soils. From the analytical solution proposed by [Kun62], which 
considers the ceramic disk impedance and the soil permeability to determine the 
time evolution of the water volume change in a soil with a rigid matrix, it is possible 
to estimate an equalisation time t95 for which 95% of the water outflow or inflow has 
occurred (for simplicity only one term of the Fourier series has been considered): 
 
22
21
95 12
1
1 1 1
ln ( csc ) ;
40
cot with 0 ;
2
δ
δ
w
w r
Lt a
D
a
k sD
n S
 
  

     
  
 
 (2) 
 
where L is the soil height (longest drainage path); D the capillary diffusivity that is 
assumed constant and is dependent on water permeability, kw, and soil water capaci-
ty, δ δ rs S (s is the matric suction, Sr the degree of saturation, n the porosity, and γw 
the unit weight of water); a the ratio of impedance of the ceramic disk to the imped-
ance of the soil ( )w c da k t Lk  (tc is the ceramic disk thickness and kd its water 
permeability), and 1 the solution of the equation in the indicated range. For low 
disk impedance, a  0 and 1  /2, the minimum equalisation time can be approxi-
mately estimated as: 
 
2
95 1.129
Lt
D
  (3) 
 
For a clayey soil with L = 20 mm, n = 0.48, kw = 510-12 m/s and 
δ δ 2.8MPars S   in the suction range 0.1MPa 0.5MPas  , and disk properties 
tc = 7 mm and kd = 10-10 m/s, then a  0.018, 1  1.543,   D  3.010-9 m2/s and t95 
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 2615 min. It is important to remark that this estimation is based on a constant soil 
volume consideration, which is not exactly the case of a clayey soil. Nevertheless, it 
gives an approximate estimation of the minimum time required to reach suction 
equalisation. 
2.3 Vapour transfer technique 
Vapour equilibrium technique is implemented by controlling the relative humidity hr 
of a closed system. Soil water potential is controlled by means of the migration of 
water molecules through the vapour phase from a reference system of known poten-
tial to the soil pores, until equilibrium is achieved. The thermodynamic relation 
between total suction  of soil moisture and the hr of the reference system is given 
by the psychrometric law [Fre93]. The hr of the reference system can be controlled 
by varying the chemical potential of different types of aqueous solutions [Lid97, 
Del98, Tan05]. Figure 6 shows the relationship between  and the concentration of 
NaCl aqueous solution (molality, m, mol of NaCl / kg of pure water). The upper 
limit is controlled by the salt solubility that restricts hr=0.75 at 20C.  
 
Figure 6: Total suction application with partially saturated NaCl solutions [Hor85, 
Rom99]. 
 
Oedometer cells installed inside a chamber with relative humidity control were used 
by [Est90, Ber97, Vil99, Cui05]. The main drawback of this experimental setup is 
that the time to reach moisture equalisation is extremely long due to the fact that 
vapour transfer depends on diffusion (several weeks are required for each suction 
step in the case of high-density clays as observed in Figure 7). In order to speed up 
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the process, vapour transfer –through the sample or along the boundaries of the 
sample– can be forced by a convection circuit driven by an air pump [Yah99, Bla00, 
Pin02, Llo03, Old04, Due04, Alo05, Due07, Pin09a]. Figure 7 shows the evolution 
of vertical strains (expansive deformations are positive) of compacted bentonite 
subjected to a reduction in suction (from 150 MPa to 4 MPa) under oedometer con-
ditions (vertical net stress of 10 kPa), using both relative humidity controlled cham-
ber (pure diffusion of vapour) and forced flow of humid air on both ends of the sam-
ple. As observed, the forced flow speeds up the process of suction change. 
 
Figure 7: Evolution of volumetric strain (expansion is positive) on compacted ben-
tonite using humid air flow along the boundaries of the sample (forced convection) 
or controlling the air relative humidity inside a closed chamber (pure diffusion) 
[Pin09a]. 
 
The mass rate transfer of vapour by convection (assuming isothermal conditions and 
constant dry air pressure uda) can be expressed in terms of vapour density or mixing 
ratio differences between the reference vessel with aqueous solution (superscript r) 
and the soil (superscript s) [a: Old04, b: Jot07] 
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where Mdry is the soil dry mass, w the gravimetric water content, q the volumetric air 
flow rate, ρv the vapour density in air (water mass per unit volume of air), qda the 
flow rate of dry air mass, and x the mixing ratio (mass of water vapour per unit mass 
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of dry air; x0 represents the saturated mixing ratio). Assuming vapour an ideal gas, 
the vapour density can be expressed as 0 ( )v mw v rM u h RT  , where uv0 is the satu-
rated vapour pressure at absolute temperature T, Mmw is the molecular mass of water, 
R is the gas constant, and hr the relative humidity. Based on the same assumption 
and that dry air is also an ideal gas, the following expression is obtained 
( ) 0.622 /mw v mda da v dax M u M u u u  , in which Mmda is the molecular mass of 
dry air mixture, uda the dry air pressure and uv the vapour pressure. 
 
One of the difficulties in using the vapour equilibrium technique is associated with 
maintaining thermal equilibrium between the reference system (vessel with aqueous 
solution) and the sample. Assuming that the vapour pressure set by the reference 
saline solution is also present in the sample, the following correction is proposed, in 
which hr is the relative humidity and uv0 the saturation vapour pressure at tempera-
ture T: 
 
0
0
( )
( )
v reference
r sample r reference
v sample
u T
h h
u T
  (5) 
 
A way to minimise this thermal effect is achieved by disconnecting the reference 
system that regulates the relative humidity, and allow the equalisation of vapour in 
the remaining circuit and the soil. This way, the mass of water being transferred 
from or to the soil is drastically reduced (there is no contribution in water transfer 
between the vessel and the soil). An equivalent testing procedure was used by 
[Old04] to overcome the long equalisation periods of the conventional vapour equi-
librium technique. 
 
Another problem that comes up when using the forced convection system is associ-
ated with air pressure differences created along the circuit. This fact makes that the 
intended relative humidity applied by the reference vessel cannot be assigned to the 
remaining circuit and the soil [Pin09a,b]. Dueck [Due04] studied the influence of 
air pressure changes in a forced convection circuit of vapour –driven by an air 
pump– and their consequences on the applied relative humidity. Figure 8 shows the 
experimental setup and the evolution of differential air pressures between two 
points of the circuit (upstream and downstream the filter stones that transfer vapour 
to or from the soil). The point upstream the filter is near the reference reservoir 
(‘ref’ in the figure). On the other hand, the point downstream the filter is close to 
the aspiration branch of the air pump (‘p’ in the figure) and is subjected to a pres-
sure drop. After vapour equalisation, the pump is turned on and air forced through 
the circuit. At 67 min the speed of the pump is rapidly increased, and finally re-
duced from 78 min on. The consequences on the evolution of the relative humidity 
at the same two points of the circuit are shown in Figure 9. As observed, down-
stream point ‘p’ near the pump undergoes important relative humidity changes due 
to air pressure drop, while upstream point ‘ref’ is buffered by the reference salt 
solution reservoir. An expression to account for the effects of air pressure variations 
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on the relative humidity can be proposed based on the assumption that the mixing 
ratio 0.622 /v dax u u  set by the reference salt solution is also set in another point 
of the constant mass circuit. The following expressions are obtained between the 
relative humidity reference reservoir hr ref set by the salt solution, and another point 
of the circuit hr p:  
 
da p
v p v ref
da ref
da p
r p r ref
da ref
u
u u
u
u
h h
u


 (6) 
 
in which hr = uv / uv0 is the relative humidity, and uv0 is the common saturated va-
pour pressure. 
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Figure 8: Experimental setup and time evolution of differential air pressures be-
tween upstream point ‘ref’ and downstream point ‘p’ ([Pin09b], experimental data 
from [Due04]). 
 
Equation (6) is used to simulate the variations of hr at downstream point ‘p’, hr p, 
which are plotted in Figure 9. The absolute pressure at point ‘ref’ is fixed at uda ref = 
101.3 kPa, while absolute pressure changes at point ‘p’, uda p, are estimated from 
Figure 8: uda p = 101.3 kPa-uda. If both upstream and downstream absolute pres-
sures are affected: for example, uda ref = (101.3+uda/2) kPa and 
uda p  = (101.3uda/2), equivalent results are obtained.  As observed in Figure 9, the 
simulated points follow the general trend of the measured variations in hr p, although 
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they display slightly larger values. An equivalent simulation is used to estimate the 
relative humidity at upstream point ‘ref’, hr ref, using hr p data. In this case, the simu-
lated points do not follow the stable tendency of the relative humidity experimental 
data, which are buffered by the proximity of the reference salt solution reservoir. 
Nevertheless, the initial small drop, the next small increase at around 33 min and the 
smooth peak detected at 67 min are captured in their trend.   
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Figure 9. Time evolution of measured and simulated relative humidity at two points 
of the forced convection circuit: upstream point ‘ref’ near the reservoir and down-
stream point ‘p’ close to the pump ([Pin09b, experimental data from [Due04]). 
 
Pintado et al. [Pin09a] performed numerical simulations using Code_Bright [Oli96] 
to study the physical processes that occur when forcing humid air to flow through a 
partially saturated sample. It was observed that forcing humid air reduced the equal-
isation time, but the results from the numerical simulations again highlighted that 
this flow must be carefully applied to avoid reaching, under steady state conditions, 
a different total suction than that intended. Gas advective flux followed a general-
ised Darcy’s law with a relative permeability dependent on the degree of saturation. 
In the numerical analysis, the relationship between the intrinsic permeability for air 
flow under dry conditions kia and for water flow under saturated conditions kiw was 
expressed as ia iwk Ak , where A is a material parameter. Due to the uncertainty in 
the value of parameter A, a back-analysis was done to match the axial deformation 
measured on densely compacted Febex bentonite during wetting under oedometer 
conditions (total suction change from 128 MPa to 84 MPa at a constant vertical 
stress of 0.15 MPa; height of the sample 12 mm). The estimated A = 3.85109 was 
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one order of magnitude higher than the mean value measured in complementary air 
and water permeability tests, but still within the range of variation of admissible 
values. As an additional information, the pressure difference between air inlet and 
outlet Pg=4 kPa was measured when vapour was forced to flow through the speci-
men. The transient results (time evolution of vertical strains) of the numerical simu-
lations and the fitted experimental results are presented in Figure 10. As clearly 
observed in the figure, equalisations develop faster at higher pressure differences 
and higher intrinsic air permeability. An important observation is that final vertical 
strains are not the same for the four simulations due to the fact that the suction 
reached at equilibrium is different for all the cases considered. This can be seen in 
Figure 11, which summarises the different total suctions reached under steady state 
conditions at the mid-height node of the specimen for the four different cases indi-
cated in Figure 10. If the air pressure difference between the ends of the sample is 
high, the total suction in the soil under steady state conditions will be different from 
the expected suction applied by pure diffusion transfer (static test in the figure), as 
also measured by [Due04, Mer11]. Figure 12 shows that the vapour inflow into the 
sample decreases with elapsed time because the air permeability becomes lower as 
the degree of saturation increases during the wetting stage. The mass of vapour that 
flows into the sample is larger than the mass of vapour that flows out during the 
transient wetting stage because a percentage of this water is stored in the sample. 
The steady state is reached after two days, which provides evidence of the efficiency 
of this experimental method.  
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Figure 10: Laboratory measurements and model fitting the evolution of axial strain 
(swelling is positive) during a wetting path (128 MPa to 84 MPa) at constant vertical 
net stress (0.15 MPa). Simulations for different A and Pg values [Pin09a]. 
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Figure 11: Total suction reached under steady state conditions at the central node of 
the specimen after the wetting path at constant vertical net stress for the four differ-
ent cases indicated in Figure 10 [Pin09a]. 
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Figure 12: Time evolution of vapour flow during the transient wetting stage. 
Simulation for A=3.85109 and Pg=4 kPa [Pin09a]. 
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2.4 Simulation assisted study of the equalisation period when 
using vapour equilibrium 
To analyse the time required for equilibrating homogeneously a deformable sample 
under oedometer conditions –of major experimental concern when applying a total 
suction step–, simulation aided techniques (Code_Bright [Oli96]) are presented in 
this section to study the progression of total suction at local scale and along a drying 
path (for further details refer to [Mer11]). The usual experimental criterion to define 
the hydraulic equalisation period under oedometer conditions is based on measuring 
axial strains and controlling axial strain rates below a specified value (typically 
below 0.1%/day), due to the experimental difficulty in knowing the precise hydrau-
lic status of the sample during vapour transfer (usually the evolution of vapour trans-
ferred to or from the sample is not measured). The two main challenges of the simu-
lations are the correct computation of the evolution of axial strains of the sample 
during total suction application and to verify if suction stabilises at the elapsed time 
indicated by the mechanistic approach used conventionally in the experimental pro-
cedure (< 0.1%/day). 
 
In the simulation of the results, the flux of water in the gas phase is governed essen-
tially by the non-advective flux, since the gas pressure is maintained under atmos-
pheric conditions. The non-advective component is a function of the diffusion-
dispersion tensor and the gradient of mass fraction of water in the gas phase. The 
water volumetric advective flux is defined by Darcy’s law. This flux is affected by 
the liquid degree of saturation through a relative permeability. The application of the 
relative humidity at the sample boundaries is set by Equation (7), similar to that used 
by [Wil94].  In this equation, evaporation arises from the difference between the 
vapour density at the soil surface ( wg g  ), and the vapour density in the environ-
ment  0wg g  . Parameter g is associated with the turbulent exchange function and 
depends on the movement of the air above the evaporating surface. 
 
 0w w wg g g g g gj           (7) 
 
Values of parameter g were obtained by [Pin09a] for conditions prevailing in labor-
atory with relative humidity control (g=210-3 m/s) and for a closed oedometer cell 
with circulating vapour (g=410-4 m/s). In the case of the simulation reported by 
[Mer11], the parameter was obtained by back-analysis leading to a value of 
g=710-4 m/s, which is of the same order of magnitude than the values found exper-
imentally. This factor can be considered as an impedance factor affecting the effi-
ciency of the system to release the water from the soil. 
 
As previously indicated, the drying path develops volumetric changes on the sample. 
Therefore, it is necessary to perform the coupled analysis with a simple constitutive 
model, which takes into account volumetric changes due to total suction or relative 
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humidity changes besides net vertical stress changes. The selected mechanical con-
stitutive model on monotonic drying was the nonlinear state surface model for par-
tially saturated soils proposed by [Llo85], together with the shear modulus or the 
Poisson’s ratio to define the increments of shear strain.  
 
Figure 13 presents suction equalisation curves (compression is negative) for clayey 
samples initially prepared at initial water content wo=34 % and subjected to three 
different target suctions under oedometer conditions (4.75 mm is the sample height 
after vertical stress application: 0.1 MPa). These curves show that the rate of shrink-
age depends on the total suction change applied to both top and bottom evaporating 
surfaces. The sample at s=14 MPa (hr=90%) requires 266 hours to equilibrate, ac-
cording to the mechanistic criterion (axial strain rate: 0.1%/day). Samples subjected 
to total suctions of s=58 MPa (hr=65%) and s=85 MPa (hr=54%), require 192 and 
169 hours, respectively. It is interesting to remark that the sample subjected to the 
lowest total suction change requires more time to stabilise compared to the remain-
ing ones, despite being closer to the initial saturated state. In this case, suction equal-
isation time is controlled by the flux of vapour interaction between the sample and 
the environment, which mainly depends on the vapour density gradient and the ex-
change properties between the evaporating surface and the glass chamber atmos-
phere. Results of the simulated curves compared with the experimental ones are 
plotted in Figure 13. 
 
In Figure 14 the evolutions of total suction at mid-height of the sample for the three 
simulations are presented. The figure indicates that suction takes around 120 hours 
to equilibrate for the simulation at s=85 MPa, 168 hours for the simulation at 
s=58 MPa and 312 hours for the simulation at s=14 MPa. Again and consistent with 
the mechanistic approach, systematically longer times are required for lower total 
suctions values. When comparing these simulated equalisation times with the ones 
based on vertical strain rates, the results indicate that for the lowest suction the ex-
perimental time of 266 hours is lower than that given by the simulation. This fact 
indicates that an additional period of at least 48 hours has to be considered to ensure 
suction equalisation throughout the sample height. On the other hand, for the re-
maining applied suctions, the experimental equalisation time given by the mechanis-
tic criterion gives somewhat higher values compared with the numerical observa-
tions. Based on these simulations, it appears that the equalisation period based on a 
mechanical stabilisation criterion (time required to attain vertical strain rates lower 
than 0.1%/day) is an appropriate way to estimate the suction equalisation period. 
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 Figure 13: Experimental and simulated axial strain evolutions (compression is nega-
tive) for clayey samples subjected to drying at three different target total suctions 
[Mer11]. 
 
Figure 14: Simulated total suction evolution at mid-height of the sample and com-
parison with the equalisation time estimated experimentally based on a mechanistic 
criterion [Mer11]. 
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3 Electro-chemo-hydraulic processes 
3.1 Introduction 
In the following, electrical and electrochemical processes in geomaterials will be 
reviewed in light of two possible classes of applications. The first one is electrical 
characterisation, or the determination of the electrical characteristics (electrical con-
ductivity and impedance) of the medium. Electrical characteristics can be related to 
the porosity, fabric and saturation degree of the geomaterial and to the properties of 
the constituent phases, so that the electrical characterisation can contribute to indi-
rect evaluation of porosity, degree of saturation and water salinity. The second class 
of applications is the induction of transport processes, which can be both direct 
(such as electromigration, or transport of ions under an electrical field) and coupled 
(such as electroosmosis, or transport of water within a porous medium under an 
electrical field). Transport processes induced by an electrical field can be used both 
for mechanical purposes (consolidation and slope stabilisation) or environmental 
purposes (remediation of contaminated sites). 
3.2 Electrical conductivity of soils and rocks 
Electrical flux in geomaterials could be both a direct flux or coupled flux (streaming 
current, heat current and diffusion current, see following paragraph and [Mit05]). 
When no hydraulic, thermal and chemical gradients are acting, or for negligible 
coupling coefficients, electrical current density i is proportional to the gradient of 
the electrical potential  as according to Ohm’s law: 
 
ti      (8) 
 
where t 1 is the electrical conductivity of the soil and  is the electrical potential. 
 
In theory, electrical charges could travel through the solid phase, the water phase 
and at the interface between water and solid phase (surface conduction), while prac-
tically no electrical flux occurs in air or hydrocarbons. Most minerals are insulators 
(although the electrical conductivity of metals can be as high as 105 – 108 S/m) and 
their contribution to the electrical conductivity of the geomaterial is usually neglect-
ed: readers interested in the analysis and interpretation of the electrical behaviour of 
dry rocks can refer to the book of [Par67]. 
 
Several theoretical and empirical relationships have been proposed to model the 
electrical conductivity of geomaterials. These relationships take into account the 
                                                          
1 The usual symbol for electrical conductivity is : Here  is used instead to avoid confusion 
with stress. 
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effects of tortuosity, particle shape, degree of saturation, microstructure and surface 
conductivity in different ways2.  
 
Among the relationships that do not consider surface conductivity, Archie’s law 
[Arc42] is the most widely used. It has been derived for oil reservoir sands, and 
accounts for the effects of porosity and saturation as follows: 
 
m p
t w rn S   (9) 
 
where w is the electrical conductivity of the water phase, n is the porosity, m is an 
exponent that accounts for the tortuosity of the porous medium, Sr is the degree of 
saturation and p is an empirical exponent that also depends on the fabric of the mate-
rial (particularly on its pore size distribution, see e.g. [Sen97]). The formation factor 
F*: 
* mF n  (10) 
 
often used in oil engineering represents the ratio of the resistivity of the saturated 
material to the resistivity of the saturating water.  
 
Archie’s law in saturated conditions has been extended to account for surface con-
ductivity by [Wax68]: 
 
 t w sX     (11) 
 
where X is a constant analogous to (F*) -1 and s is a surface conductivity term. A 
limitation of Waxman and Smits expression (11) is that it assumes that the surface 
conductivity is affected by the geometry of the porous medium in the same way as 
the water conductivity term. This expression should be used with caution also be-
cause surface conductivity is not constant for a given material, but depends on the 
characteristics of the solid phase surface groups, on the pore fluid pH and on its 
concentration (for a detailed discussion see [Del05]). As a matter of fact, surface 
conductivity is an important contribution for clayey soils with a high specific sur-
face: its value is greater the lower the salinity of the pore water. In these particular 
soils, attention must be paid to the fact that chemistry also influences the dimensions 
of pores [e.g. Mus03] and then affects the soil electrical conductivity by altering the 
formation factor. A discussion on aspects related to surface conductivity, including 
simple theoretical models to evaluate surface conductivity starting from the Diffuse 
Double Layer theory, can be found in [Kle03]. 
 
                                                          
2 For a list of theoretical models, the book of [San01] is suggested. 
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3.3 Electrolytic conduction 
In water the electrical current is carried by ions, dragged towards the electrodes of 
opposite polarity. Ionic mobility u is the drift velocity of an ion under an unit elec-
tric field. According to the Nernst-Einstein equation, at infinite dilution the ionic 
mobility is proportional to the diffusion coefficient D: 
 
D Fu
RT
  (12) 
 
where  is stoichiometric coefficient of the ion, F is Faraday’s constant (F = 96485 
C/mol of electrons), R is universal gas constant (8.314 Joule mol-1 K-1) and T is 
absolute temperature. Contribution of ions of a given specie i to the electrical con-
ductivity of a solution is:  
 
i i i i i ic u F c     (13) 
 
where ci is concentration (expressed in mol/m3) and i is molar conductivity (elec-
trical conductivity of a mole) of the specie i (expressed in S m2/mol). The overall 
electrical conductivity of a water solution is then given by the sum of the contribu-
tions of the n species in solution: 
 
1
n
w i i i iF c u    (14) 
 
Equation (14) shows that w is related to the concentration of dissolved species. The 
actual relationship depends on concentration. At high concentrations, ionic mobility 
and molar conductivity decrease, and the linearity between concentration and elec-
trical conductivity is lost. Figure 15 shows experimental results and interpretation of 
measurements of electrical conductivity at increasing concentrations of NaCl elec-
trolyte (see also [Kle03]). 
3.4 Electrolytic cells and electrode reactions 
It is of interest to understand how electrical current is transmitted to a water solu-
tion, since this process involves electrode reactions, electrolysis, that can change the 
chemical composition of the pore water at the points of injection. 
 
An electrolyte, or a ionic conductor, is a substance where ions are the main charge 
carriers. Two electrodes injecting a current and the electrolyte between them consti-
tute an electrolytic cell. The interface between the electrodes and the electrolyte is 
the seat of chemical reactions necessary to exchange electrons between the metallic 
part of the circuit (where electrons are the charge carriers) and the electrolyte (where 
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ions are the charge carriers). A conceptual scheme of transport and reactions pro-
cesses occurring is given in Figure 16. 
 
 
 
Figure 15: Electrical conductivity and molar conductivity of NaCl solutions (modi-
fied from [Mus05]). 
 
 
 
Figure 16: Conceptual scheme of transport and reactions within an electrolytic cell. 
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Electrons are removed from the electrolyte through an oxidation reaction. One or 
more species in the electrolyte serve as electron donor (reductant) and the electrode 
as a receiver of electrons. Oxidation reactions are written as follows: 
 
-
1 1Red   Ox + e  (15) 
 
where Red is the reductant specie, Ox the oxidant and  is the stoichiometric coeffi-
cient of the electrons e- involved in the reaction. The electrode at which oxidation 
occurs is the anode: in an electrolytic cell this is the positive electrode (the one to-
wards which are attracted ions with negative charge, anions). 
 
Electrons travel through the external metallic circuit and re-enter the cell at the op-
posite electrode, the cathode by means of a reduction reaction: 
 
-
2 2 Ox + e Red   (16) 
 
In an electrolytic cell the cathode is the negative electrode: it attracts cations (spe-
cies with positive charge).  
 
Considering that many species are dissolved in the pore water of a soil, one could 
imagine several different possible redox reactions. Actually, only a few of them 
(ideally one oxidation and one reduction reaction) do occur. If the material constitut-
ing the electrodes and the species in solution are known, it is possible to foresee 
which reactions will take place on basis of the electrochemical potential E. This is 
evaluated on basis of the Nernst equation (17), and it is a function of the standard 
potential of the reaction E0, of absolute temperature and of stoichiometric coeffi-
cient: 
0 ln red
ox
aRTE E
F a   (17) 
 
where ared and aox are the activities of the reduced and oxidised specie. 
 
Standard potentials can be found in chemistry textbooks [Atk10]. The reference 
reaction is reduction of protons, whose standard potential E0 is conventionally zero: 
 
22 2H e H
    (18) 
 
At the anode the reaction with the most negative (or least positive) potential is fa-
voured until the species involved are used up and/or until a high voltage stimulates 
competing reactions. Depending on the material used to build the electrode, MA, the 
oxidation reaction (15) can either be oxidation of water [Loc83]: 
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2 22 ( ) ( ) 4 ( ) 4H O l O g H aq e
     (19a) 
 
which has a standard potential E0 = +1.23 V (E = +0.82 V when pH = 7), or oxida-
tion of the electrode: 
 
AAM M e
     (19b) 
 
As it can be appreciated in Table 1, the standard electrode potential of the reaction 
(19a) is higher than that of some typical metals that could be used to build the elec-
trodes (Aluminium, Iron or Copper), but is smaller than that of noble metals (Plati-
num or Gold).  
 
Table 1: Selected standard potentials of reduction reactions. 
Reaction Standard 
Electrode 
Potential E0 
(V) 
Reaction Standard Elec-
trode Potential 
E0 (V) 
Al3+ + 3e−  Al(s)  −1.660 2H2O (l) O2(g) + 4H+(aq) + 4e- +1.230 +0.82 (pH = 7) 
Zn2+ + 2e−  Zn(s)  −0.762 Hg2+ + 2e−  Hg(l) +0.850 
Fe2+ + 2e−  Fe(s)  −0.440 Pt 2++ 2e−  Pt(s) +1.188 
Cu2+ + 2e- Cu(s)  +0.340 Au+ + e−  Au(s) +1.690 
 
Anodes made of Aluminium, Zinc, Iron or Copper in a neutral water environment 
release the metallic cation into the electrolyte (e.g. a Copper electrodes will enrich 
the electrolyte with Cu2+ ions) and corrode (case (b) in Figure 16). Anodes made of 
inert materials (e.g. graphite) or made of noble metals do not corrode, and reaction 
(19a) takes place since potential E is lower than the metal’s one. In this case, water 
next to the anode acidifies and oxygen is released in gaseous form (case (a) in Fig-
ure 16). 
 
At the cathode the reaction with the most positive potential is favoured. Water re-
duction: 
 
2 22 ( ) 2 ( ) 2H O l e H g OH
     (20) 
 
often occurs since its electrochemical potential at pH = 7 is E = + 0.41 V, which is 
higher than most potentials of reactions involving metal cations. 
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The mass q of elements altered by electrolytic reactions (e.g. the mass of H+ or OH- 
ions developed when using inert electrodes) can be calculated through Faraday’s 
laws of electrolysis: 
 
Q Mq
F    (21) 
 
where Q is cumulate electrical charge passing through the cell (expressed in Cou-
lombs, C) and M is molar mass of the substance. 
3.5 Electrode polarisation and overpotential phenomena 
Compensation of electrical charges at the electrode – electrolyte interface causes 
polarisation, which is the development of an electrical double layer consisting of a 
sheet of positive charge at the surface of the electrode and a sheet of negative charge 
next to it in the solution (or vice versa). The electrical double layer makes the elec-
trical potential of the solution different from the electrical potential of the electrode. 
Theoretical models have been formulated describing the concentration of counteri-
ons in the solution and the associated voltage profile (Helmholtz layer model, Gouy-
Chapman model, Stern model) (see [Mit05]). 
 
The difference between the electrical potential of the electrode and the electrical 
potential of the solution next to it does not only depend on polarisation, but also on 
metal deposition, gas development and on the intensity of the electrical current. 
Altogether, this difference is called overpotential . The exact value of the overpo-
tential is difficult to predict theoretically, although significant deposition / gas de-
velopment is expected to occur only when  > 0.6 V [Atk10]. 
3.6 Electrical conductivity measurements 
The simplest way to determine the electrical conductivity  of a specimen in labora-
tory is by measuring the electrical resistance R in a given geometrical arrangement. 
R is obtained through Ohm’s law: 
 
R I    (22) 
 
where  is electrical potential drop between two points and I is electrical current. 
Once that R is known,  is derived through a shape factor :  
 
1
R
    (23) 
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For instance, if R is the resistance of a parallelepiped under one dimensional flux 
condition, it is: 
1 l
RA
    (24) 
 
where  is the resistivity (inverse of conductivity), l is the distance between the 
points where the electrical potential is measured and A is the section of the sample. 
From Equation (24) it follows that the shape factor in one dimensional flow condi-
tions is  = l/A. 
 
Two different types of experimental setup are used to determine the electrical con-
ductivity of soil and rock samples: the two terminal electrodes and the four terminal 
electrodes systems (Figure 17). In the two terminal electrodes system, the anode and 
the cathode are used both to inject the electrical current I and to measure the electri-
cal potential drop . 
 
 
 
Figure 17: Two electrodes terminal (left) and four electrodes terminal (center and 
right) systems (modified from [Par67]) 
 
Although very simple to build, this system presents the disadvantage that the poten-
tial drop measured between the cathode and the anode necessarily includes the over-
potential , whose value is in principle unknown. Very high are expected when 
inert electrodes are used, since O2 and H2 bubbles produced by electrolysis of water 
accumulate at the electrode – specimen interface, acting as very powerful insulators. 
Overpotential is expected to reduce at increasing frequency of the electrical signal: 
electrical potential drops measured with a two electrodes system at relatively high 
frequencies are in principle related only to the resistance of the soil specimen. 
Measurements performed by a two electrodes system are anyway difficult to inter-
pret, since the frequency above which polarisation effects becomes negligible (limit-
ing frequency) depends on conductivity, permittivity, and length of the specimen 
[Kle97]. On basis of permittivity measurements, Klein and Santamarina [Kle97] 
found that the limiting frequency of sands and kaolinite specimens at different water 
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contents and water salinity ranged between 102 and 104 Hz, although real conduc-
tivity values appeared to be insensitive of frequency above 100 Hz. More critical 
evidences were obtained for bentonite samples, where the limiting frequency in 
terms of permittivity ranged as high as 1 MHz and conductivity values were fre-
quency dependent for f < 1 kHz. 
 
In the four electrodes measurement system, two electrodes (A and B) are devoted to 
inject the electrical current and two other electrodes (M and N) are devoted to meas-
ure the potential drop: this excludes overpotential effects. Anyway, since also these 
electrodes work over a metal – electrolyte interface, they measure an overall electro-
chemical potential difference  and not simply the electrical potential difference, 
. Their readings can then be partially affected by differences in concentration of 
the species in solution. To keep errors to a minimum, it is suggested to use well 
referenced electrodes jointly with solutions whose composition and expected con-
centration is, although broadly, anticipated. For instance, [Mus00] used silver chlo-
ride electrodes (Figure 18) to monitor the local evolution of the electrical conduc-
tivity within clay samples during bench scale electrokinetic tests. The working prin-
ciple is the silver – silver chloride redox reaction: 
 
- -
(s) (s)Ag + Cl AgCl + e  (25) 
 
AgCl salt deposits at the interface between silver and the electrolyte (Figure 18), 
centre): since the only species in solution is the chloride anion, the Nernst equation 
(17) of reaction (25) is: 
 
0 ln
Cl
RTE E a
F 
   (26) 
 
When two silver chloride electrodes are used (M and N) the measured potential 
difference is then: 
 
ln
M
cl
N
cl
aRT
F a
  

        
 (27) 
 
where aCl-(M) and aCl-(N) are activity of the chloride in the proximity of electrode M 
and N. By using silver electrode measurements without corrections (then using  
instead of ), the error made is 0.06 V when aCl-(M) /aCl-(N) = 10, and is 0.12 V when 
aCl-(M) /aCl-(N) = 100. 
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3.7 Review of laboratory experiments involving electrical 
conductivity measurements 
Most two electrodes terminal systems described in the literature have two cylindrical 
electrodes laying on top and bottom of soil samples. Samples are inserted into cylin-
ders of non-conductive materials. Some of these cells allow a vertical load to be 
applied, so they also work as oedometer cells. Materials used for the electrodes 
include rigid metals (e.g. copper, aluminium, steel), noble metals that do not oxidize 
(platinum, gold) and graphite (when porous, it can also work as a porous stone). 
 
Table 2 presents a schematic review of selected studies taken from the geomechani-
cal literature where two electrodes terminal systems were used.  
 
Table 2: Selected studies with two electrodes terminal systems. 
Study Electrodes/ 
Geometry 
Mechanical Hydraulic / 
Chemical 
Objective / Results 
[Fuk99] Stainless steel mesh 
1D vertical meas. 
Oedometer - Evolution of microstructure with 
load in undisturbed and reconstitut-
ed clay specimens 
[McC05] Stainless steel.  
1D horizontal and 
vertical measure-
ment 
Oedometer - Evaluation of anisotropy  upon 
loading of undisturbed and reconsti-
tuted samples 
[Lee08] Stainless steel.  
Quasi spherical  
(Needle probe) 
Oedometer - Evolution of resistance evolution 
upon loading: evidences of anisot-
ropy and load history effects 
[Fuk01] Stainless steel mesh 
1D vertical meas-
urements 
Oedometer Imposed saturation 
degree / pore water 
salinity 
Preliminary characterisation of soil 
electrical behaviour aimed at using a 
four electrodes electrical CPT for 
the detection of contaminated 
layers. 
[Ble03] Stainless steel.  
1D radial and verti-
cal measurements 
- 1 D diffusion in 
column and oedome-
ter 
Evaluation of the effective diffusion 
parameter of NaCl in kaolin speci-
mens 
[Bez09] Stainless steel.  
1D radial measure-
ments 
- 1 D diffusion in 
column 
Evaluation of the effective diffusion 
parameter of NaCl in kaolin speci-
mens 
[Att08]  Silver Paint. 
1D vertical meas-
urements 
- Evaporation Evidencing differences between 
water retention and electrical con-
ductivity in the unsaturated range 
[Cho04] Quasi spherical 
(Needle probe) 
- - Evaluation of specimen heterogenei-
ty through electrical resistance 
profiles 
[Fes07] Stainless steel. 
Quasi spherical  
(Needle probe) 
- - Evaluation of specimen heterogenei-
ty through electrical resistance 
profiles 
[Mus09] Stainless steel. 
Quasi spherical  
(Needle probe) 
- Evaporation Evaluation  of local saturation 
degree through electrical resistance 
profiles 
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 Figure 18: Scheme of a silver chloride electrode for voltage measurements (left), 
detail of the Ag/AgCl interface (centre), picture of two silver chloride electrodes 
(right). 
 
Results of two electrode terminals systems were checked against four electrodes 
terminal systems by [Kle97], suggesting the possibility of explicitly taking into 
account overpotential effects in the circuit analysis of the experimental results. They 
proposed a ‘simple circuit’, introducing an electrode capacitance Ce (Figure 19, left), 
and an ‘enhanced circuit’, introducing an electrode capacitance Ce in parallel with an 
electrode resistance Re and a ionic diffusion term Q (Figure 19 right).  
 
 
 
 
Figure 19: Simple (left) and enhanced (right) circuits for the interpretation of 2 
electrode terminals systems. Modified from [Kle97].  
 
Four electrodes terminal systems have been implemented in different geometries. In 
some studies (e.g. [Abu96a,b]) electrodes A and B are plates at the sample top and 
bottom and electrodes M and N are punctual electrodes (rods) between A and B, so 
that one dimensional electrical flow occurs (as in the centre of Figure 17). In many 
other studies all electrodes are punctual and disposed in different geometries at the 
sample boundaries, as in the right side of Figure 17 (e.g. [Mou67, Kal93]). 
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Table 3: Selected studies with four electrodes terminal systems. 
Study Eletrodes / 
Geometry 
Mechanical Hydraulic / 
Chemical 
Objective / Results 
[Mou67] 6 punctual  platinum 
electrodes / 2 pairs of 
injecting electrodes at 
the base, 1 pair of 
voltage electrodes at 
the top 
Oedometer - Evaluation of transversally isotropic 
parameters for electrical anisotropy. 
1.10 (a) < h / v < 25.5 (b) 
a): packed dry bentonite, v = 55 kPa 
b): bentonite slurry, distilled water,  
v =165 kPa 
[Ana95] 4 punctual circular 
electrodes / 3 on the 
base and 1 on the top 
Oedometer - Evaluation of electrical anisotropy 
during oedometer loading. 
[Kug96] 4 punctual circular 
electrodes / 3 on the 
base and 1 on the top 
Triaxial - Evaluation of electrical anisotropy 
during triaxial shearing of kaolinite 
samples 
[Kal93] 8 punctual electrodes/ 
work in turn 4 at a 
time: 2 external inject 
current, 2 internal 
measure potential 
- Water content 
imposed with 
pressure plate
Evaluation of relationship between 
water content and electrical conduc-
tivity. Estimation of surface conductiv-
ity. 
[Abu96a]  2 copper plates and 2 
copper rods / vertical 
measurements: plates 
inject current, rods 
measure potential 
- water content 
imposed upon 
standard 
proctor com-
paction 
Evaluation of relationship between 
water content and electrical conduc-
tivity of compacted samples. Loose 
agreement between electrical conduc-
tivity and hydraulic permeability  
[Abu96b]  2 copper plates and 2 
copper rods / vertical 
measurements: plates 
inject current, rods 
measure potential 
  Evaluation of bentonite content in sand 
- bentonite mixtures 
 
As it can be appreciated in Tables 2 and 3, electrical measurements have been asso-
ciated to an equal number of hydro-chemical and mechanical studies. In studies 
related to mechanical processes, electrical measurements mostly provided semi 
quantitative information, such as the anisotropy ratio A = h / v used in [Ana95] and 
[Kug96] to provide an insight on microstructure evolution and on its effects during 
loading of clay samples in oedometer and triaxial conditions (where h is the hori-
zontal component and v is the vertical component of the electrical conductivity 
tensor). In other studies, good results were obtained in terms of indirect evaluation 
of transport parameters ([Ble03]). To allow this interpretation, electrical measure-
ments have to be interpreted in terms of evolution of concentration of a species in 
space and time. Transport models are then used to simulate the hydro-chemical 
processes, and transport parameters are sought by means of optimisation through 
back analyses. Several measurements have to be taken: a limitation of most of the 
experimental set ups presented in Tables 2 and 3 is that they consider the volume of 
soil between the measuring electrodes as homogeneous, limiting the possibility of 
studying transport processes. 
 
A way to relax the assumption of homogeneity comes from performing an high 
number of electrical measurements with different electrodes in different parts of the 
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specimen, to be integrated by means of tomography reconstructions (ERT technique, 
discussed in the previous chapter). Another possibility is moving the measuring 
electrodes along the specimen. This has been implemented as an electrical needle 
probe in [Cho04]. The probe is a two terminal electrode system made of two coaxial 
electrodes: the first one (internal) is a rod, the second one (external) is a metallic 
hollow cylinder (Figure 20a). The two electrodes are separated by a dielectric mate-
rial and the electrical signal between them must travel entirely in the soil. The nee-
dle probe can be inserted and moved into the soil sample to gather an electrical pro-
file. To be effective, electrical profiling must be done without locally affecting po-
rosity (e.g. in undrained conditions). 
 
Figure 20: Scheme of the needle probe: arrangement of the electrodes (left), 
simplified electrical circuit with signal generator and needle probe (right) (modified 
from [Cho04]). 
 
A scheme of the electrical circuit of [Cho04] is given in Figure 20b. A known fixed 
resistance Rfix is in series with the probe and the electrical current in the circuit is: 
 
s n
fix
I
R
     (28) 
 
where s is the potential drop imposed by the signal generator over the whole cir-
cuit and n. is the potential drop in correspondence of the probe. The electrical 
resistance R of the investigated soil volume is then: 
 
nR
I
  (29) 
 
Calibration requires that the effects of frequency on measurements are taken into 
account. First an operating frequency, higher than the limiting one, is chosen. Then 
resistance measurements are taken at known medium resistivity, a procedure that is 
implemented by measuring R values immersing the probe into different solutions 
having known values of . Experimental (R, ) couples are then fitted to determine 
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the shape factor  of Equation (23): Figure 21a shows a calibration of a needle 
probe taken from [Fes07]. This relationship is then inverted when interpreting exper-
imental data to evaluate the soil electrical conductivity on base of resistance meas-
urements. 
 
Figure 21b, modified from [Fes07], shows an application of electrical profiles pro-
vided by the needle probe, interpreted in terms of porosity. It refers to measurements 
taken along a column after sedimentation of a dry clay material (Beaucaire clay) had 
occurred in water. First the electrical conductivity of the water, w, was measured in 
the supernatant. Local values of soil conductivity t were then estimated based on 
resistance measurements, through the calibration of Figure 21a. The profile of po-
rosity was then obtained inverting Archie’s relationship (9) for the saturated case:  
 
1/ m
t
w
n 
      
(30) 
 
where it was assumed that m = 1.8. Estimated porosities were consistent with direct 
measurements, based on local mass measurements, proving the potentialities of this 
approach. 
 
 
 
 
Figure 21: Calibration curve of an electrical needle probe (a) and porosity profile of 
a column of a sedimented clay obtained with needle probe measurements (b) 
(modified from [Fes07]). 
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3.8 Coupled effects of electro-hydraulic fields: electroosmosis 
Direct flows discussed in detail in the previous sections are not exhaustive of the 
processes which are promoted in the presence of field gradients. To close this chap-
ter it is worth mentioning, although briefly, electroosmosis (already introduced in 
Section 3), which is the transport of water induced by an electric field. 
 
Electroosmosis is an inherently coupled electro-hydraulic process, promoted by the 
unbalanced surface charge of the solid grains [Spo84]. This coupled flow has been 
described by means of a number of chemo-physically based models at the pore 
scale, which justify the formulation of phenomenological laws adopted in geotech-
nical engineering. 
 
With reference to saturated conditions, the simplest phenomenological formulation 
for coupled hydro-electrical fluxes in saturated soils is given by the linear system 
[Mit05]: 
 
*t
w eo w w
i
j k k h
                
  
 (31) 
 
where i is the current density, wj is the volumetric discharge of water per unit area,  is the electrical potential gradient, wh  is the hydraulic head gradient. The elec-
trical conductivity, t , and the hydraulic conductivity, wk , account for direct fluxes. 
The out-of-diagonal coefficients respectively quantify mass flow promoted by the 
electric field, through the electroosmotic permeability, eok , and for electric current 
arising as a consequence of mass flow of water, through the coefficient * . The 
latter coefficient, describing the so-called streaming potential can be derived from 
the electroosmotic permeability by means of the Onsager’s reciprocity principle, and 
it will not be further taken into consideration in the following. It is worth noting that, 
for practical applications, which will be briefly discussed in another chapter, the 
streaming potential can be usually disregarded. 
 
Here the attention is focused on the limits of this linear formulation in the light of 
the considerations made in the previous sections on the chemical processes which 
accompany an electric field in the soil. 
 
Relying on the linear formulation given by Equation (31), the electroosmotic perme-
ability could be determined in principle by a very simple experimental setup. A 
cylindrical cell with insulating and water tight lateral walls could be equipped with a 
top and bottom plates acting as a pair of electrodes in contact with the sample and 
allowing for drainage. By imposing the same hydraulic head (and chemical compo-
sition) at the boundaries of the sample and constant electrical potential difference 
between the two plates, a one-dimensional, constant water discharge should be in-
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duced. A constant electrical current density is expected in this one-dimensional 
constant electrical field: 
w eo
t
j k
i
  
  

   (32) 
 
Similar experimental arrangement has been adopted extensively in the past to de-
termine the electroosmotic premeability of soils, sometimes in conjunction with 
uniaxial loading ram to impose vertical stress. In the latter case, the equipment is 
commonly named electroosmotic oedometer. From the electrical point of view, this 
kind of apparatus belongs to the class of the two electrodes terminal systems, sum-
marised in Table 2. An ideal scheme of such an experimental setup is reported in 
Figure 22, where the theoretical distributions of pore water pressure and of the elec-
trical potential are indicated. 
 
 
 
 
Figure 22: Ideal scheme of electroosmotic oedometer [Tam10]. 
 
Selected results from electroosmotic tests performed in a similar equipment are 
presented in Figures 23 and 24. The comprehensive set of experimental data, togeth-
er with a detailed description of the equipment developed, and of the material tested 
are reported in [Gab08a,b] and [Tam10]. 
 
In Figure 23 data of water discharge in time are reported of tests lasting not more of 
20 minutes at constant applied electric gradient. Water outflow is fairly linear in 
time although a slight tendency to decrease can be appreciated, even in this short 
duration tests. If the outflow rate is reported as a function of the applied electrical 
gradient (Figure 24), a linear relationship between voltage and water flow rate can 
be drawn and a representative value of the short-term electroosmotic conductivity 
can be determined. 
 
The data presented in Figure 24 also show the evidence of the energy consumed at 
the electrodes for water oxidation (section 3.4) and the occurrence of an overpoten-
tial  (section 3.5). The outflow rate of water leaving the sample is in fact found to 
grow linearly with the applied potential drop, if an offset of 1.44 V is applied. This 
offset can be associated to overpotential effects: since it consumes a portion of the 
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electrical potential, not all the gross potential applied is available as a source for 
coupled fluxes, and only a part of it being actually imposed on the soil sample. As 
already discussed in section 3.6, the electrical overpotential, may be due to different 
and concurrent causes. 
 
 
 
Figure 23: Water discharge data of short term electroosmotic test on a clayey silt 
[Gab08a]. 
 
 
 
 
Figure 24: Electroosmotic permeability from data of short term electrokinetic 
filtration test on a clayey silt [Gab08a]. 
 
Results of a similar test, but having longer duration, run on a silty clay of compara-
ble chemical composition as the previous clayey silt, are reported in Figure 25. The 
test lasted about 15 days, and it was run by imposing a constant current density 
through the soil, while measuring the voltage at the two extremes of the sample. 
Dramatic decrease of the average electroosmotic permeability may be observed in 
192 Experimental techniques for hydrom. and electro-chemo-hydraulic processes
ALERT Doctoral School 2012
time in the long duration test, which suggests that different coupled phenomena, 
other than those already described, start to occur in time. Many of these phenomena, 
discussed in detail in a following section, are actually triggered by local variations of 
electrical conductivity, due both to variation in the chemical composition of the pore 
fluid (for example caused by redox reactions, equations (19) and (20)) and by desat-
uration processes. 
 
 
 
Figure 25: Time evolution of the average electroosmotic permeability of a silty clay 
in a controlled current density one-dimensional test [Gab08b]. 
 
A relevant role has been recognised to be played by penetration into the sample of 
the gas front generated at the anode [Tam10, Gab08a, Air09], which cannot escape 
easily from the soil, as it remains entrapped by the water flow towards the cathode. 
Penetration of the gas front partly desaturates the soil, lowering the electrical con-
ductivity (section 3.2), as well as the electroosmotic permeability. 
 
Little experimental information is available in the literature to quantify the influence 
of the water degree of saturation on the electroosmotic permeability. The few data 
collected allow inferring that the electroosmotic permeability of an unsaturated soil 
might follow a law conceptually similar to that proposed by Archie [Arc42], de-
pending on a power of the water degree of saturation: 
 
  sat rel sateo w eo eo eo wk S k k k S    (33) 
 
Data reported in Figure 26 suggest that the electroosmotic permeability decreases 
with water degree of saturation to a power of about 3, which is intermediate between 
electric conductivity and hydraulic conductivity.  
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Figure 26: Relative electroosmotic permeability as a function of the water degree of 
saturation [Tam10]. 
 
Ions transport, change in pH, chemical reactions in the aqueous phase and with soil 
grain constituents may further complicate the simple initial scheme proposed for 
electroosmotic transport which in reality seldom may be considered a simple and 
linear coupled water – electric charge transport in porous medium (see, for instance, 
[Air09]). The merit of Equation (31) is to provide a linearised reference description 
of this coupled flow around a current equilibrium state. 
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